The heat capacity of Ruse, has been measured in the range from 5 to 988 K with adiabatic low-and high-temperature calorimeters. From 882 to 1483 K a drop calorimeter was used to measure enthalpy increments of the compound. Thermodynamic functions have been calculated. Values at 298.15 and 1500 K of the molar heat capacity C,.,. standard molar entropy ArSe(T), and standard molar function @i(T, 0) are 69. 87, 80.084, 36.407 J,K-'.mol-'. and 90.45, 205.77, 132.86 J K-' mol-i, respectively. Decomposition pressures for the reaction: R&e,(s) = Ru(s)+Se.,(g). have been determined between 1270 and 1480 K by means of a Bodenstein-type silica-glass manometer. The results obtained by the static measurements extend the torsion-effusion measurements accomplished by Murray and Heyding at lower temperatures. The standard molar enthalpy formation for Ruse, from Ru(s) and Se(s, hex) at 298.15 K is -(162.07 + 0.72) kJ . mol -' according to the third-law treatment. The uncertainty given is one standard deviation.
Introduction
In earlier communications"32' the thermodynamic properties of RuTe, and RuS, have been studied by means of drop calorimetry and tensimetry. This paper concerns Ruse,, which together with RuTe, and RuS, are the only binary solid compounds formed by ruthenium with sulfur, selenium, or tellurium. They are of the pyrite type, but RuTe, can under controlled conditions also be obtained as a marcasite-type compound.'3'
In a study by Murray and Heyding, (4) the decomposition pressures of Ruse, were measured using the torsion-effusion technique. By means of estimated heat capacities and second-law treatment of the obtained pressures, these authors found a standard molar enthalpy of formation -(179. 5+14.6) kJ.mol-' and standard molar entropy 64.9 J . K-' . mol-' at 298.15 K for the compound.
In the present study the heat capacities have been experimentally determined and the decomposition pressures have been measured using a static method. s. R.SvENDsEN.
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Experimental
The ruthenium diselenide used for the adiabatic low-and high-tcmperaturc calorimetric determinations was made from ruthenium powder of purity 99.98 mass per cent from Falconbridge Nikkelverk, Kristiansand, Norway, and selenium 01 purity 99.998 mass per cent from Boliden Gruvaktiebolag, Sweden. Stoichiometric amounts of the components were weighed into a silica ampoule. After sealing under vacuum the ampoule was gradually heated to 1300 K and kept at this temperature for 24 h. The reaction did not go to completion, and the ampoule was reheated to 1123 K for 4 d, then kept at 1023 K for 7 d, and slowly cooled to room temperature. Unreacted Se and Ru were still present in the ampoule corresponding to molt fractions 0.04743 and 0.02371, respectively, as determined from the enthalpy of fusion of the selenium, see table 5.
The ruthenium diselenide prepared for the drop calorimeter and the tensimetric measurements contained ruthenium of purity 99.99 mass per cent from Johnson Matthey Chemicals and the same selenium as above. Stoichiometric amounts of the components were gradually heated in an evacuated ampoule to 1300 K and kept there for a week, then slowly cooled to room temperature over several days. A small amount of the components did not react. The free selenium was isolated and weighed. The gross composition of the sample without the free selenium was calculated to correspond to (0.00565Ru +0.99435RuSeZ) = Ruse, .L)xx7.
CALORIMETRIC TECHNIQUE 5 to 350 K, University of' Michigan. The heat capacity of the compound was measured in the Mark II adiabatic calorimetric cryostat described elsewhere.15' A gold-plated copper calorimeter (W-52, which incorporates a gold-gasketed screw closure and copper vanes) with a volume of 59 cm3 and a mass of 33.2 g was used.
Helium gas was added to the sample space (5.5 kPa at 300 K) to enhance thermal equilibration. The calorimeter was surrounded by a shield system provided with automatic temperature control. Temperatures were measured with a capsule-type strain-free platinum resistance thermometer (laboratory designation A-5) located in a central re-entrant well in the calorimeter. The platinum resistance thermometer had been calibrated by the U.S. National Bureau of Standards. Temperatures are judged to correspond to IPTS-68 within 0.03 K from 4 to 350 K. All masses. electric potentials, resistances, etc., were measured with reference to instruments calibrated by the U.S. National Bureau of Standards. The heat capacity of the empty calorimeter was determined in a separate series of experiments. It represented less than 26 per cent of the total. Small adjustments were applied for temperature excursions of the shields from the calorimeter temperature and for "zero drift" of the calorimeter temperature. Further small corrections were applied for differences in masses of the gold gasket, helium gas, and Apiezon-T grease. The mass of sample used was 171.64 g. Buoyancy correction was made on the basis of a crystallographic density of 8.23 g. cm-3. 300 to 1000 K, University of Oslo. The calorimetric apparatus and measuring technique have been described. '6) The calorimeter was intermittently heated and surrounded by electrically heated and electronically controlled adiabatic shields. The substance was enclosed in an evacuated and sealed silica-glass tube of about 50 cm3 volume, fitted into the silver calorimeter. A central well in the tube served for the heater and platinum resistance thermometer. Calibration of the thermometer was carried out locally at the ice, steam, tin, zinc, and antimony points. Temperatures are judged to correspond to IPTS-68 within 0.05 K from 300 to 900 K and within 0.1 K above. The heat capacity of the empty calorimeter was determined in a separate series of experiments. It represented about 65 per cent of the total after correction for differences in mass of the silica-glass containers. The mass of sample used was 173.87 g. 880 to 1483 K, LTniuersity of Oslo. Enthalpy increments relative to 298.15 K were measured in an adiabatic drop calorimeter operating in air. Details of the construction have been described."'
The enthalpy determinations were performed on 9.4155 g of Ruse,,,,,, sealed in a silica ampoule of mass 3.0730 g which was placed in a container of (Pt + 10 mass per cent Rh) of mass 26.0260 g. Separate determinations
were performed on an evacuated empty ampoule of the same mass as the sample ampoule. The enthalpy of the sample represented about 28 per cent of the total. The temperature in the furnace used to heat the ampoules was measured with a Pt-to-(Pt + 10 mass per cent Rh) thermocouple. The uncertainty in the temperature readings is 50.7 K below 1000 K and i 1.2 K above this temperature.
The decomposition pressures were measured with a silica-glass spiral gauge of Bodenstein type. The experimental arrangement follows mainly the description given by Biltz and Juza. ~3' The furnace temperature was kept within +0.5 K of the set-point temperature by means of a Eurotherm LP96-PID controller. The sample temperature was measured by means of a calibrated Pt-to-(Pt f 10 mass per cent Rh) thermocouple with an uncertainty of + 1.2 K. The sample container was charged with (0.5567 g of RuSe, , , , , , +0.3046 g of Se) which gave a gross composition Ruse,.,,,.
Thirteen series of pressure measurements with decreasing selenium contents were performed with an uncertainty of +0.13 kPa in the readings. Series 1 to 3 were discarded on account of impurity tension.
The lattice constant of Ruse, as a function of temperature was determined with a Guinier-Simon camera in the temperature interval 93 to 293 K with an uncertainty of Ifr 10 K, and with a 19 cm diameter Unicam high-temperature camera in the temperature interval 298 to 1273 K with an uncertainty of +3 K. The lattice constants from the Unicam camera were calculated from back reflections and extrapolated to 6 = rr/2 by the Nelson-Riley method.
Selenium vapour
The thermodynamic functions for the Se,(g) molecule were calculated by standard methods"' from the molecular constants,"0-'3' adjusted to the natural relative molecular mass, see table 1. The excitation energy for the a'd, state was taken from Drowart et Q/."~*'~) and the vibrational and rotational constants for this state were estimated by comparison with the corresponding state for the diatomic sulphur constants between the Se, molecule and the other different gaseous species of selenium molecules must be known so as to obtain the partial pressures of the Se, molecule referred to in the decomposition equation. The equilibrium constants as function of temperature for the six gaseous reactions:
are given in the form:
The six terms in the logarithmic polynomial originate from the four-term C,,, polynomial used for the Se,(g) molecule:
Cp,,W2, g> = al +a2(T/K)+a3WT)2 +QV/K)~'~ Since the Cp,,,(Se2, g) values have a minimum at about 950 K, at least a three-term polynomial should be applied. But the four terms used give a better fit and were therefore chosen. For the gaseous species Se, (i = 3 to 8) estimated two-term expressions'20' are available:
Cp,,(Sei, g, i = 3 to 8) = bl +b,(T/K).
For each of the six gaseous reactions the heat capacity was integrated to obtain the change in the enthalpy and the entropy. The integration constants were determined by means of the standard enthalpy of formation and standard entropy for the molecules, estimated ( 
The sum of the squared difference {p -p(calc.)} was minimized by successively changing the 36 coefficients. With 170 pressures from 458 and 983 K the overall average relative deviation from the equations is 8.5 per cent. The coefficients are given in table 4. If one reduces the six-term polynomial to a three-term polynomial which is often used: kK = -C,(K/T)+c2 lg(T/K)+C,, the overall average relative deviation from the equations was found to be 31.0 per cent, which reflects the difficulty in accommodating the large span of vapour pressures to a less complex equation. Table 4 also contains the equilibrium-constant coefficients for the dissociation of the Se,(g) molecule based on Di(Se,. g, 0) = 329071 J. mol-'.'"2'
Results and discussion
The experimental heat capacities from low-and high temperature ranges, corrected for free Ru and Se, are presented in table 5 and displayed in figure 1. The enthalpy increments relative to 298.15 K, obtained from the drop calorimetry, corrected for free Ru content, are presented in table 6. A comparison of smoothed enthalpies in the overlap region is given in table 7.
The heat capacities from the low-and high temperature series were fitted to polynomials of the form: C,,, = {a,+a2(T/K)+a,(K/T)2+.
.+u;(T/K)~~'; by the method of least squares, and integrated to yield values of thermodynamic functions at selected temperatures. To combine the high-temperature heat capacities with the drop-calorimetry results, the calculated enthalpy increments from the hightemperature heat capacities in the range 298 to 1000 K. together with the enthalpy increments from the drop calorimetry, were fitted to the polynomial:
by the method of least squares, with the restrictions in the calculation that C,,,(298.15 K) = 69.87 J,K-'-mole1
and AT 298.15KHi(T) = 0 at T = 298.15 K.
The heat capacities derived from this polynomial in the temperature interval 1000 to 1500 K were combined with the experimental heat capacities over the range 7 13 to calculations, based on variances and covariances from the least-squares treatment of the polynomials, the standard deviations for the derived functions are given in table 9. These values comprise the standard deviations of the fit of the polynomials for the full and empty ampoule experiments. The polynomials were fitted to C,,, values over restricted temperature intervals. To avoid discontinuities in the function values, large overlap regions had to be applied. The standard deviations in the temperature interval 60 to 298 K therefore have higher values than expected from the experimental results. Table 10 presents the Se, partial pressures of Ruse, with and without excess selenium. The decomposition pressures of the compound can be formulated according to the reaction: R&e,(s) = Ru(s) + Se,(g), which was applied in the third-and second-law treatment of the pressures.
In the third-law calculation of the standard molar enthalpy of formation for Ruse,, the expression based on the reference temperature 298. 15 .mol-') = 21.966+6.276x 10m3(T/K) has been assumed valid up to 1480 K since there is no allotropy (34) in the metal. For the entropy at 298.15 K the value Sm(Ru) = (28.53kO.21) J. K-l. mol-' was taken from Clusius and Piesbergen.'34) In the analysis of the third-law results a procedure for detecting outlying'3"-38' b o servations was applied with a significance level of 5 per cent. Of the 122 pressure measurements in the two-phase region series 8 to 13, 20 were rejected during the analysis which then gave as a result -(162.07 kO.72) kJ . mof ' for the standard molar enthalpy of formation at 298.15 K.
In the second-law treatment the same 20 pressures were deleted. The Z-plot procedure gave -(161.76+ 1.13) kJ .mol-'
for the standard molar enthalpy of formation and (80.0 + 1.1) J K ' rnol~~ ' for the standard molar entropy at 298.15 K. The uncertainties given are standard deviations of single measurements.
HOMOGENEITY RANGE
The vapour-pressure measurements for samples with excess selenium show a break at 776 K, see figure 2 , where the logarithm of the total selenium pressure for Series V is plotted against reciprocal temperature. The break or bend in the curve is most probably related to the maximum extension of the Ruse,-phase on the seleniumrich side. Loss of mass of selenium from a sample with gross composition Ruse,,,, in vacuum indicates the Se-rich phase limit to be Ruse,,,, or Ru,.,,Se,. The excess selenium presumably creates an increasing number of Ru-vacancies in the Ruse, structure until this temperature is reached. Evidence for this is the negative partial molar entropy of solution of liquid selenium in liquid selenium-saturated with Ruse,--up to 776 K. Above 776 K the partial molar entropy of solution becomes positive, which indicates that liquid selenium now goes into the solution which thus accommodates increasing amounts of solid ruthenium or Ruse,.
The homogeneity range of the Ruse,-phase also makes itself evident in the isobaric expansivity c1 = V-'(aV/aT),.
Unit-cell volumes V, were calculated from the lattice constants of Ruse, at different temperatures, see table 13, and fitted by the method of least squares to a third-order polynomial in T: By differentiation of the polynomial with respect to temperature and dividing by volume, the expansivity was calculated at the temperatures of measurement, see table 13 and figure 3. The two sets of values do not merge smoothly, especially because the temperature control of the low-temperature camera was not completely satisfactory.
The expansivity shows two inflections, one in the temperature range 250 to 300 K, and the other around 770 K. The former reflects the beginning deviation of the Ruse,-phase from exact stoichiometry, and the latter the solubility limit of selenium in the Ruse,-phase. At temperatures above 770 K the expansivity shows the usual increase, characteristic of a homogeneous sample, and no definite sign of retrograde solubility.
To evaluate the excess heat capacity due to the solution of selenium up to 770 K, a reference heat capacity was needed. It was obtained from extrapolation of the lower-temperature heat capacity in the harmonic approximation and including a dilatation contribution.
The where A = (V,,a2L)/(n,C~,,rc) = 7.18 x lo-' JJ' .mol, VU the unit-cell volume, L the Avogadro constant, n, the number of formula units in the unit cell, and x the isothermal compressibility. The value of the constant A was derived at T = 298 K taking the unknown K as equal to that of isostructural Fe&, ti = 6.37 x lo-l2 Pa-, r (40) Subtraction of the dilatation contribution in combination with the Debye heat-capacity model lead to a maximum 0, = 411 K at 120 K. This Debye temperature was used for calculating the harmonic C,,, in the highertemperature region, and the resulting C,., in the range 200 to 1000 K is shown in figure 1 . It falls only slightly below the experimental curve in the 400 to 500 and the 800 to 900 K ranges, and shows a more marked deviation in between, which we ascribe to the solution process. The resulting enthalpy increment for the solution of Se(l) in Ruse, over the range 500 to 800 K is (270+ 115) J. mol-',
